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INTRODUCfION 
Measurement models of NDE techniques have been developed with the purpose of 
proving the capabilities of NDE techniques for finding flaws. The models take NDE pa-
rameters such as ultrasonic frequency, probe diameter, and angle of incidence, and predict 
the response from the flaw. Models are also a part of quantitative NDE, i.e., the ability to 
size and characterize flaws and or materials. 
Nondestructive examination techniques should be utilized throughout the life of a 
component. This use would incorporate NDE into what is known as unified life cycle engi-
neering. Life cycle engineering considers all aspects of a components life in the design 
process [1]. The starting point for NDE in the life cycle is the procurement of materials and 
components. Models are used in the design process to determine the inspectability of the 
fmished component. Another use for models is the choice of NDE technique and the deter-
mination of optimum NDE parameters. Also, in-service inspection needs can be addressed 
by models [2]. Neutron radiography is one of the types of NDE currently practiced. The 
remainder of this paper will focus on modeling of this method. 
Conventional Neutron Radiography 
Customary neutron radiography has four essential components. A source of neutrons 
is needed. This source is usually either a reactor, an accelerator, or a spontaneous neutron 
source such as californium-252. Since thermal neutrons are used in radiography, the highly 
energetic neutrons from fission sources must be slowed. The second requirement for neu-
tron radiography is a means of collimating the neutrons from the nonisotropic source into a 
parallel beam. The third need of neutron radiography is the sample. An example of a legiti-
mate sample for use with neutron radiography would be a part which is being inspected for 
corrosion. The low Z material in the corrosion is relatively easy to detect with neutron radi-
ography. 
A method of detection is the final necessity of neutron radiography. The transfer 
method utilizing an indium foil is commonly employed. The indium foil is placed behind 
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the sample and perpendicular to the beam. The neutrons which pass through the sample ac-
tivate the indium. Both thermal and fast neutrons contribute to the foil acrvgtion. Follow-
ing irradiation the foil is placed in contact with radiography film. As the 1 In-ml isomer 
of the indium foil decays, the betas and gammas given off develop the film in the same 
manner an x-ray would [3]. The number of neutrons incident upon the foil during irradia-
tion is inversely proportional to the thickness of the sample: a thinner sample will transmit 
more neutrons. Thus, the properties of the sample are transferred first to the foil and then to 
the film. 
The Neutron Radiography Simulation Code 
A computer code was written with the objective of modeling neutron radiography; in 
particular, knowledge of the effects of scattering on the final image was desired. This desire 
was motivated by the fact that in neutron radiography the scattered component of the beam 
is the information carrier. The code follows the lives of neutrons in a beam as they traverse 
a sample, compensates for epithermal and fast neutron affects on the detection foil and sub-
sequently the radiography film, and generates a file which contains the information neces-
sary to produce an image of the simulated radiograph. The program is capable of handling 
parts with complex geometries and singular or homogeneous materials. 
The code developed here uses a triangular-faceted CAD model to describe the sur-
faces of the sample. The CAD-interface allows the code to model neutron radiography of 
any sample geometry provided the user has access to an I-DEAS CAD model of the sam-
ple. I-DEAS is commerciaIIy available CAD modeling software package which produces a 
triangular-faceted solid model of the sample surface. Each triangle is defined by its polygon 
number and the vertex numbers making up the polygon. Each vertex, or node, in the poly-
gon description of the surface has its own number and (x,y,z) coordinates. Also, the con-
nectivity of the nodes when forming triangles is provided. The ability to interface with a 
CAD model and thus easily handle neutron scattering in complex geometries is the distin-
guishing difference between this code and other codes such as neutron transport codes. 
MODELING NEUTRON RADIOGRAPHY 
Neutron Interaction with Matter and Part Geometry 
The key to modeling a neutron's life is answering the question "is the neutron in the 
sample?" The CAD-interfacing subroutine is used to find the information necessary to an-
swer this question. The main focus of this research is t~e determination of scattering effects 
of sample geometry on neutron radiography. In order to model the scattering process, 
Monte Carlo methods where chosen. The Monte Carlo method is a means of simulating a 
random process [4]. The Monte Carlo technique used in this program could be termed a 
brute force method. Every random process in nature that is part of a neutron's life in the 
sample is resolved in a random manner by the program. In order to follow the life of a neu-
tron, the values of several parameters must be known. The neutron's initial position must 
be known. The program must know the type and location of interactions. If the next inter-
action is a scatter, the angles through which the neutron scatters must be known. This use 
of Monte Carlo is a robust method whose results can be used as benchlines for other more 
computationaIIy efficient methods. 
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Determining Neutron Location 
The program calculates the distance, p, through the sample on the path of the neutron, 
and also returns the coordinates of the entry and exit points of the path. In Fig. 1 points a 
and b are the entry and exit points of an incident neutron path with the sample. Points e and 
f are the entry and exit points of a scattered neutron path. For the case of an incident neu-
tron, the parameter d is the distance to the fIrst interaction site, c. 
The distance to the interaction site is calculated from 
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Fig. 1 Depiction of steps necessary to determine ray path lengths with the CAD-
interfacing subroutine. (a) Original sample position. (b) Sample position following shift to 
place incident neutron path at origin. (c) Inclusion of a scattered neutron path. (d) Shift of 
scattered path origination to (O,O,sdist). 
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d = - In (R) / It (1) 
where R is a random number and Lt is the macroscopic total cross section of the sample 
material [5,6]. The total cross-section is comprised of the absorption and scattering cross-
sections. The pseudo-random number generator used in this c~e produces numbers which 
are uniformly distributed in the range (0, I] with a period of 2 . All subsequent references 
to random numbers imply numbers which meet these characteristics. 
One of the important features of the CAD-interfacing subroutine to keep in mind is 
that the path of a particle is assumed to always originate at the point (O,O,sdist). The vari-
able sdist is a user specified parameter for the perpendicular distance from the source plane 
to the foil plane (see Fig. lea»~. Also, the CAD-interfacing subroutine is capable of han-
dling ray paths which are not perpendicular to the foil plane. Although the ray path must 
originate at (O,O,sdist), any position (x,y,O) is allowed for the end of the ray path. 
The step necessary to determine ray path lengths are depicted in Fig. 1. The x and y 
coordinates of the incident neutron position within the beam are determined randomly. The 
incident neutron path intersects the foil plane at the point detect(X,Y,O). Fig. lea) shows the 
original position of the sample with respect to the reference lab system origin and the inci-
dent neutron location. After the x and y coordinates of the incident neutron are established, 
the position of the sample is shifted. 
The amount of the shift in the x and y directions is equal to the magnitude of de-
tect(X) and detect(Y) and opposite in sign. Therefore, if the x position of the incident neu-
tron path is -3 then the sample is shifted by 3 units in the positive x direction. This shift is 
accomplished by adding the constant 3 to all of the x values for sample node coordinates. 
Detect(X,Y,O) is also shifted the same amount as the sample, and thus now coincides with 
the origin. Fig. l(b) shows the result of a shift in the x direction. The neutron now appears 
to be incident along the z axis. Then the CAD-interfacing subroutine is called to determine 
p for this path. In this way we are able to extend the positions of the neutron source to ac-
commodate the variable source positions generated from scattered neutrons. 
The distance calculate by Eqn. (1) to the interaction site from the entry point is then 
compared to p. If d is less than p, then the interaction site, c, falls within the sample as in 
Fig. l(b). Otherwise, the neutron passed through the sample without interacting. In this 
case, the neutron will be incident upon the foil, and the position of incidence is stored in a 
bin corresponding to a pixel of finite size. Also, the register containing the number of neu-
trons incident upon the foil is incremented. 
If the interaction site is within the sample, the type of interaction event is determined 
in the following manner. The ratio of the scattering microscopic cross-section to the sum of 
the scattering and absorption microscopic cross-sections is calculated. Then a random num-
ber is generated. This random number, R, is compared to the cross-section ratio. If R is less 
than or equal to the ratio then the event is classified as a scattering interaction. In this case 
the position of the first scattering site is calculated by subtracting the parameter d from the 
z coordinate of the entry point. The x and y coordinates of the scattering site are equal to 
those of the point detect(X,Y,O). Otherwise if R is greater than the cross-section ratio, the 
event is an absorption [4,5]. 
If the previous interaction was determined to be a scatter within the sample, the life of 
the neutron must still be followed. The sample is returned to its original position by using 
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the original array of node coordinates for subsequent calculations (see Fig. I (c». The next 
step is to determine the position of the next interaction site. To do this, the distance to the 
interaction site and the scattering angles must be determined. Eqn. (1) is used to determine 
the distance between interaction sites. The angles for neutron scattering are generated ran-
domly in the center of mass (eM) system. The scattering is assumed to be isotropic in the 
eM system which is a valid approximation for low Z materials. The angle <!> is measured 
from the negative z-axis, while e is the angle of rotation about the z-axis. To convert the 
scattering angle <!> to the laboratory (LAB) system, Eqn. 2 is used: 
[costPC Mn] ¢L = arctan sintPc + M;x; (2) 
where M n is the mass of a neutron, M x is the atomic weight of the scattering nuclei, and the 
subscripts Land C refer to the LAB and eM systems, respectively [7]. 
The distance to next interaction and the scattering angles are relative to a local coordi-
nate system where the current interaction site is the origin and the path from the previous 
scattering site is taken as the positive z-axis. The coordinates of the next interaction site are 
calculated in this local system. Once coordinates of the scattering site in the local system 
are known, they must be transformed to the reference lab system. This is accomplished 
through the use of an Eulerian angle transformation [8]. This process of shifting the sample, 
calculating p, and determining interaction sites is repeated until the neutron is absorbed or 
exits the sample. 
Neutron Beam 
The computer code developed for simulation of neutron radiography is com-
prised of several components. First of all the neutron beam must be modeled. As with any 
model, some assumptions had to be made during development of this code. Both the fast 
and thermal neutrons of the incident beam are assumed to be uniformly distributed in the 
beam. Also, the epithermal and fast components of the beam are assumed to go straight 
through the sample without experiencing any collisions. Thus, only the lives of the thermal 
neutrons must be followed in the sample. The total number of thermal neutrons in the inci-
dent beam can be found from 
N = <PTh * Ii * A (3) 
where <!>Th is the thermal neutron flux, Ii is the time of irradiation, and A is the cross-
sectional area of the beam perpendicular to the direction of incident neutron flow. The 
model assumes the incident thermal beam is monodirectional and monoenergetic. The 
monoenergetic assumption is valid because the cross-section for many materials of interest 
such as aluminum, iron, copper, etc. are roughly constant at the energy levels common to 
nuclear reactor radiography beams. Assuming the beam to be monodirectional implies the 
LID ratio is infinity. However, since most radiography facilities have an LID greater than 
100, this approximation is acceptable. 
Indium Transfer Technique 
This module simulates the transfer method of neutron radiography. The foil is repre-
sented by a two-dimensional array. The size of the array is established by the user to obtain 
the desired image sharpness. Usually, a 256x256 array is appropriate. Each array element is 
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congruous to a pixel of an actual radiograph. If a neutron exits the sample and is incident 
upon the foil, the value of the array element where the neutron's path intersected the foil is 
incremented by one. In this manner, the number of neutrons that hit each pixel of the foil is 
recorded. 
Once the program has processed the desired number of thermal neutrons found by 
Eqn. 3, the information obtained must be converted to an image. The first step in this proc-
ess is to add in a contribution to the foil from the fast neutrons in the beam. Then this result 
must be adjusted for decay during irradiation and during the time between the end of irra-
diation and the placement of the foil in contact with the film. Finally, from experimental 
results, the effects of the decaying foil on the development of the film are known. These 
effects have been modeled so that the decay of the activated foil can be used to quantify the 
development of the film. The final step is to write out a file which contains the information 
necessary to display an image of the simulated radiograph. This binary file contains the size 
of the image, i.e., 256x256., and an array of gray scaled values for each pixel of the image. 
RESULTS 
The code has been used to generate files for image display of various samples includ-
ing the I-DEAS generated CAD model of an aluminum casting shown in Fig. 2. Fig. 3 is a 
computer simulated radiograph of the sage part. The number of thermal neutrons, N, used 
in the generation of this image was 2xlO which corresponds to a thermal flux of 3~.6 
n/cm2/s for an irradiation time of 7200 s with a beam cross-sectional area of 72 em . Table 
1 presents the output from the run used to generate Fig. 3. 
Fig. 2 CAD generated image of auto air-conditioner part. 
Fig. 3. Simulated radiograph of the auto air-conditioner part generated with N = 2x 107. 
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Table 1. Result of program run on air-conditioner part 
number of neutrons absorbed 245,080 
number interacted with foil 18,915,483 
number neutrons missed foil 163,451 
number lost in direction opposite foil 675,986 
total number of thermal neutrons processed 20,000,000 
Radiographs of the actual aluminum casting shown in Fig. 2 have been take using a 
radiography beam port on the Iowa State University UTR-lO reactor. Due to the low neu-
tron flux and low LID ratio of this reactor, the image quality obtained for an aluminum 
samples is poor. Although this reactor is far from an ideal facility for neutron radiography, 
the radiographs produced can be used to make comparisons with the simulation results. 
Therefore, work is underway to validate the numbers obtained in Table 1 by experimentally 
measuring foil activation in the reactor beam. 
LIMITATIONS 
One of the main objectives of this work was to write a first generation code which 
incorporates Monte Carlo techniques for the scattering phenomena and utilizes the CAD in-
terface routine available. Since this is a first generation model, there are some limitations to 
the code which should be discussed. The program assumes that the incident neutrons com-
prise a parallel beam. So this code would be applicable to simulation of systems which 
have a high LID only. Also, there is no compensation made to the image for un sharpness 
effects due to the thickness of the transfer foil. 
Another restriction is the types of materials that can be handled. Since the only modes 
of interactions allowed are scattering and absorption, this code would not be satisfactory for 
radiography simulation of reactor fuel or other multiplying media. Furthermore, the materi-
als that the program is capable of handling must be homogeneous. Also, an important fea-
ture the code currently lacks is the ability to handle flaws such as voids or cracks. 
The major limitation currently encountered with this code is the time of execution, 
which is a function of several variables. Obviously, the higher the number of neutrons cal-
culated by Eqn. 3, the longer the program takes to complete a run. The number of interac-
tions per unit length is a function of the material mean free path, thus the type of material 
effects the execution time. The variable which has the greatest impact upon execution time 
is the CAD file. The air-conditioner CAD file contains 1450 nodes and 2896 polygons. In 
contrast, a simple rectangular paraUelpiped would contain only eight nodes and twelve 
polygons. Since each interaction requires transforming and sorting the coordinates of the 
nodes, large CAD files require longer execution times. Running on a DEC-5000/240 the 
program took approximately two weeks clock time to generate the image in Fig. 2. For 
comparison, a rectangular paraUelpiped with the aU the same variables other than the CAD 
file ran in less than two hours clock time. 
CONCLUSIONS 
This code demonstrates a first principles method for treating scattering in complex 
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shapes. A fIrst generation neutron radiography model was developed to emulate the transfer 
method of neutron radiography. Although this code is not complete, a solid foundation has 
been laid, and important modifIcations will be straight forward to incorporate. The inclu-
sion of the ability to handle flaws and nonhomogeneous materials will greatly enhance the 
value of this code. It should be pointed out that X-ray scattering can be treated by the meth-
ods developed in this code [9]. 
Much work is yet to be done on the code to make it both more realistic and applicable 
to more real life situations [10]. Work is in progress on incorporating flaw detection into 
the code. In order to handle a flux with an energy spectrum, energy dependence must be 
integrated. The ability to model varying LID ratios is another feature which will be in-
cluded. 
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